Abstract: Transient electronic charge density maps with 30 picometer spatial and 100 femtosecond temporal resolution gained from x-ray powder diffraction experiments unravel for the first time a concerted electron and proton transfer in hydrogen-bonded (NH 4 ) 2 SO 4 crystals. c 2009 Optical Society of America OCIS codes: (320.7130) Ultrafast processes in condensed matter; (340.7480) X-rays, soft x-rays, extreme ultraviolet (EUV); (320.2250) Femtosecond phenomena X-ray diffraction from polycrystalline powder samples, the Debye Scherrer diffraction technique, is a standard method for determining equilibrium structures [1] . The different crystallite orientations with respect to the incoming monochromatic x-ray beam result in a distribution of the angles of incidence θ and a cone of diffracted x-rays with an opening angle 2θ . On a planar detector, x-rays diffracted from different lattice planes give rise to ring-like patterns with a diameter reflecting the different diffraction angles (Fig. 1a) . The intensity of the rings is determined by the respective x-ray structure factor which represents the Fourier transform of the spatial electron density for a particular reciprocal lattice vector, i.e., set of lattice planes.
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Here, we report on the first femtosecond x-ray powder diffraction experiment in which we map nonequilibrium structural changes quantitatively by recording changes of intensity and/or diameter of many diffraction rings in realtime. As a prototype material, we study ammonium sulfate (AS) forming a hydrogen-bonded ionic orthorhombic structure with four (NH 4 ) 2 SO 4 entities per unit cell (Fig. 1d) . At room temperature (T=300 K), AS is in a paraelectric phase affiliated with the space group Pnam. Under equilibrium conditions, AS undergoes different structural phase transitions [4, 5] . Here, we report on a novel type of photoinduced structural change that has not been observed so far.
In the experiments, the AS powder sample held at T=300 K is electronically excited via 3-photon absorption of a 50 fs pump pulse at 400 nm and the resulting structural dynamics is probed by diffracting a 100 fs hard x-ray pulse (Cu K α , photon energy 8.05 keV) from the excited sample. A typical diffraction pattern obtained after a 7 minute exposure is shown in Fig. 1a . Pump and probe pulses are derived from the output of an amplified Ti:sapphire laser system working at a 1 kHz repetition rate. The x-ray pulses are generated in a laser-driven plasma source described elsewhere [2] and focused on to the powder sample with a multilayer x-ray optics [3] . The ring pattern recorded with the unexcited AS sample in our setup displays approximately 20 different reflections (Fig. 1b) . Upon femtosecond excitation, the intensities undergo pronounced changes (lower panel). In Fig. 1c , the transient intensity changes of the (111) reflection exhibit a fast rise within the time resolution of our experiment (≈ 100 fs), superimposed by oscillations at later time delays.
The data allow for deriving the spatially resolved electron density in the photoexcited crystallites, i.e., transient charge density maps with femtosecond time resolution. We recall that the intensities of the different diffraction rings are determined by the structure factors F hkl (hkl: lattice plane index) of the AS unit cell, representing the Fourier transforms of the (spatial) electron density ρ e (x, y, z). To calculate the intensity pattern prior to photoexcitation, we used the atomic positions in AS derived from neutron diffraction data for T=300 K [4] . Optical excitation of the material induces a change of the spatial distribution of electron charge in a fraction of the unit cells. In turn, the transient charge density maps ∆ρ e (x, y, z,t) shown in Fig. 1d were gained by a Fourier transform of ∆F hkl (t) . Fig 1d shows ∆ρ e (x, y, z,t) for a plane containing the z-axis and the oxygen atoms 1 and 2 of opposite sulfate groups. We observe the strongest increase ∆ρ e > 0 at an -initially unoccupied -spatial position (red spot in Fig. 1d ) while the strongest decrease ∆ρ e < 0 occurs on the sulfur atoms (not contained in this plane).
An analysis of the full 3D charge density map gives direct evidence for a so far unknown concerted transfer of electrons and protons in the hydrogen-bonded ionic ammonium sulfate [(NH 4 ) 2 SO 4 ]. Photoexcitation of ammonium sulfate induces a sub-100 fs electron transfer from the sulfate groups into a highly confined electron channel along the z-axis of the unit cell (rightmost panel in Fig. 1 d) . The latter geometry is stabilized by transferring protons from the adjacent ammonium groups into the channel. Time-dependent charge density maps derived from the diffraction data display a periodic modulation of the channel's charge density by low-frequency lattice motions with a concerted electron and proton motion between the channel and the initial proton binding site. Our results set the stage for femtosecond structure studies in a wide class of (bio)molecular materials. The blue dashed line marks a plane parallel to the Z direction through the unit cell corresponding to the 'zig-zag' orientation of the oxygen atoms that belong to two different sulfate ions. An 'electron channnel' appears between these oxygens (last contour plot) along the position marked in red.
